We present low-temperature magnetotransport measurements on graphene rings encapsulated in hexagonal boron nitride. We investigate phase-coherent transport and show Aharonov-Bohm (AB) oscillations in quasi-ballistic graphene rings with hard confinement. In particular, we report on the observation of h/e, h/2e and h/3e conductance oscillations. Moreover we show signatures of magnetic focusing effects at small magnetic fields confirming ballistic transport. We perform tight binding calculations which allow to reproduce all significant features of our experimental findings and enable a deeper understanding of the underlying physics. Finally, we report on the observation of the AB conductance oscillations in the quantum Hall regime at reasonable high magnetic fields, where we find regions with enhanced AB oscillation visibility with values up to 0.7%. These oscillations are well explained by taking disorder into account allowing for a coexistence of hard and soft-wall confinement.
erostructures 17 and more recently also on graphene. [18] [19] [20] [21] [22] Here it is important to note that in all previous studies on graphene rings, the samples have been in the diffusive regime, which in contrast to ballistic transport (i) leads to a strong suppression of AB oscillations at very low carrier densities, 18 (ii) does not allow to access magnetic focusing, and (iii) prohibits the probing of the coexistence of hard-and soft-wall confinement.
As graphene only consist of surface atoms, the sample quality is highly influenced by disorder arising from substrate interaction and edge roughness. 23, 24 By fully encapsulating graphene in hexagonal boron nitride (hBN) the sample quality is improved substantially.
25-28
Importantly, this improvement also holds for hBN-graphene-hBN structures with lateral dimensions down to around 200 nm. 29 For smaller structures disorder due to the rough edges of graphene leading to localized states strongly limits high mobility transport. [29] [30] [31] Our work is based on this recent insights and we report (i) on the fabrication of graphene rings fully encapsulated in hBN, (ii) phase-coherent transport with focus on AB oscillations for small magnetic fields and (iii) on the observation of electron guiding and magnetic focusing for intermediate magnetic fields indicating quasi-ballistic transport. Moreover, we perform tight binding calculations of graphene rings with similar geometries and compare the simulation results with the measurements, being able to assign specific skipping orbits to signatures in the measured conductance traces. Finally, we discuss highly visible AB oscillations at the onsets of well established quantum Hall plateaus in experiment and theory.
II. METHODS
We present measurements on two samples with different geometry. Unless stated otherwise data from sample #1 are shown. The samples have been fabricated by stacking mechanically exfoliated graphene and hBN with the dry transfer technique based on vander-Waals adhesion introduced by Wang et al. 28 on highly p-doped Si substrates with a 285 nm thick SiO 2 top layer. The hBN-graphene-hBN sandwiches have been structured by reactive ion etching (SF 6 /Ar plasma) using an AZ nlof 2020 mask patterned by electron beam lithography (EBL). Electrical contacts to the etched devices have been made by a second EBL step, metal evaporation (5 nm Cr/95 nm Au) and standard lift-off process. A scanning force microscopy (SFM) image of the final device #1 is shown in Fig. 1(a) . From the SFM image we extract an inner and an outer ring radius of r i = 405 nm and r o = 755 nm, respectively (see also Fig. 1(b) ). These numbers results in a mean radius of r = 580 nm and a width of the ring arms of w = r o − r i = 350 nm. The second sample has slightly different dimensions exhibiting a mean radius of r = 500 nm and a width of the ring arms of w = 200 nm. All measurements are performed in a dilution refrigerator with base temperature of around T = 36 mK and perpendicular magnetic field up to 9 T using standard low-frequency lock-in techniques for simultaneous two (2W) and four-terminal (4W) measurements. The two-terminal current is measured with a home build I/V converter and a low noise amplifier in combination with a standard lock-in amplifier, whereas the fourterminal voltage drop is measured directly by the lock-in as illustrated in Fig. 1(a) . For the data analysis of the magnetic field dependent measurement we mainly concentrate on the two-terminal measurements, as the data quality is better thanks to pre-amplification.
The quantum transport simulation have been performed using a tight-binding approximation on a hexagonal lattice with the Kwant package. 32 We have simulated a scaled version of the graphene lattice with a lattice constant that is a factor 10 larger than the experimental situation and our simulation involves in total 7 × 10 5 lattice sites. All results are presented in original units for easier comparison to the experimental findings. For more details on the simulation methodology, see Appendix 1.
III. RESULTS AND DISCUSSION
Figure 1(c) shows the four-terminal back-gate characteristics for zero magnetic field at base temperature. At high gate voltage V G we observe a linear dependence of the fourterminal conductance G 4W as function of V G with a slope of ∆G 4W /∆V G , (see dashed lines).
We conservatively estimate the square conductance G = enµ ≈ 4G 4W from the sample geometry 33 . As the charge carrier density n is directly linked to V G by n = α(V G −V CN P ), we find the field effect mobility by µ ≈ 1/(4eα)(∆G 4W /∆V G ). Here, α = 6.7 × 10 10 cm −2 V −1 is the gate lever arm, which has been extracted from quantum Hall measurements (see below), e is the elementary charge and the charge neutrality point (CNP) is around V CN P ≈ 1 V. We obtain field effect mobilities of µ h ≈ 100,000 cm 2 V −1 s −1 for hole and µ e ≈ 60,000
for electron transport. These mobility values correspond to a mean free path in the range of l m ≈ 400 nm−1.6 µm (for V G = 10 − 30 V) 34 highlighting that the transport can be considered as quasi-ballistic (w < l m < l, where l is the sample length exceeding πr) and that the approximate diffusive description only holds due to diffusive scattering at the rough The high sample quality is moreover reflected in the low residual charge carrier density n * found to be in the order of 2 × 10 10 cm −2 , extracted as shown in the inset of Fig. 1(c) . 35 By having a closer look at the four-terminal back-gate characteristics we observe well reproducible universal conductance fluctuations (UCFs) with an amplitude of up to 2 e 2 /h (see Fig. 1(d) , a close-up of Fig. 1(c) ). The UCFs are a strong evidence for phase-coherent transport.
In Fig. 1 (e) the two-terminal conductance G 2W is plotted as function of magnetic field B at V G = 5 V in the near vicinity of the CNP. For small magnetic fields we observe a nearly linear increase of G 2W as function of B (see inset in Fig. 1(e) ) with G 2W reaching a maximum at B = ±0.3 T. At higher B-fields we observe signatures originating from the quantum Hall effect. As the two-terminal conductance G 2W contains contributions from the longitudinal G xx and the Hall conductance G xy we observe dips before entering quantum Hall plateaus, which are typical for two-terminal devices, where the sample length l is larger than the width w (sample #1 w = 350 nm to l ∼ several µm). 36 Quantum Hall plateaus are well visible for filling factors ν = 2 and 6 (see labels in Fig. 1(d) ). The difference in conductance with respect to the theoretically expected plateaus at 2 and 6 e 2 /h is due to additional resistances from the setup and the contact resistance of the graphene-metal interface included in the two-terminal measurement. With the known setup resistance R S ≈ 2.3 kΩ, we estimate an overall contact resistance of R C ≈ 200 Ω for each contact.
To systematically discuss the magnetic field dependent conductance measurements we divide the B-field range into three regimes based on the ratios of the width of the ring arms w (as well as the mean ring radius r) and the cyclotron radius r C =h √ πn/eB (hereh the reduced Planck constant). First (Sec. III.A) we focus on small B-fields such that w, r < < r C .
In this regime (see label A in Fig. 1 (e)) we mainly concentrate on AB oscillations and their dependence on charge carrier density. Second (Sec. III.B) we discuss magnetic focusing and localization effects in the regime, where the cyclotron radius is on the order of w and r (i.e.
w, r ∼ r C ), see label B in Fig. 1 (e). Third (Sec. III.C) we focus on quantum interference phenomena in the quantum Hall regime (label C), where r C is significantly smaller than w and r. In particular, we require r C < w/2 for entering the regime of quantum Hall edge transport.
A. Aharonov-Bohm oscillations at low B-fields Figure 2 (a) shows the two-terminal conductance G 2W as function of magnetic field in the small magnetic field range |B| ≤ 50 mT at V G = 3 V. In this regime we observe the presence of AB oscillations as well as UCFs and an overall increase of the conductance with absolute value of magnetic field. As the change of conductance due to AB interference is on the order of a few percent and overlapping with UCFs, additional data post-processing is needed to extract the periodicity ∆B AB and the amplitude of the AB oscillations ∆G AB .
We apply a moving average over a window of ∆B = 15 mT, which is sufficiently larger than the expected periodicity ∆B AB = 2.3 − 8 mT for the h/e mode 37 and subtract the averaged data from the raw signal (see red dashed line in Fig. 2(a) ). Fig. 2 this plot horizontal lines with a spacing of ∆B AB = 5.2 mT indicate the expected periodicity of the AB oscillations for an ideal ring device with a radius of 580 nm, which corresponds to the mean radius of our fabricated graphene ring. In general, the conductance oscillations are found to be mainly equidistant, but also additional modulations and local derivations are observed. Figure 2 (c) depicts similar data, but for different gate voltages (see labels).
Interestingly, for higher gate voltages the AB amplitude decreases, while the periodicity is preserved. This observation is summarized in Fig. 2 amplitude ∆G AB for increasing gate voltage V G . We explain this behavior by an increasing asymmetric transmission through the two ring arms coming along with an increasing mean free path l m as function of carrier density. Entering the quasi-ballistic transport regime, the transmission through each of the two arms depends on the specific microscopic sample shape and disorder potentials. Therefore, the transmission is not symmetric, leading to a reduced visibility of AB oscillation 39 . Also with increasing charge carrier density the Fermi wavelength λ F = 4π/n is decreasing allowing a higher number of wave modes inside the ring, which may also decrease ∆G AB as it is observed in semiconductor heterostructures.
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In Fig Due to thermal averaging of the h/e oscillations and changes in the phase-coherence length
, where E T h is the Thouless energy and k B the Boltzmann constant. 18 In a diffusive system, E T h is given by For further analysing the AB oscillations we preform fast Fourier transformation (FFT)
of the processed data, as shown exemplarily for V G = 3 V in Fig. 3 (a). The Fourier spectrum shows a broad band of frequencies that constitute the signal. Peaks for frequencies below the expected AB oscillations, which we attribute to artifacts from the data averaging of a 15 mT moving window (corresponding to 66 1/T) are neglected in the further discussion.
The interval of the h/e mode frequencies is given by the sample geometry ranging from 125
to 433 1/T as indicated in Fig. 3 (a). The main contribution is around the frequency related with the mean radius r of the ring, although features at lower and higher frequencies are present. The broad spread is due to the aspect ratio of mean radius r and the width w of the ring, r/w ∼ 1.6. Notably, this circumstance makes any attempt to distinguish contributions from the h/e and h/2e mode difficult as the differences in enclosed area for different paths overlap (see also horizontal arrows in Fig. 3(a) ). This experimental observation is also well reproduced by tight binding calculations as describe above (see Fig. 3(b) ). In the simulations, the AB oscillations exhibit a higher amplitude than in the experiment, which we attribute to the perfectly symmetric transmission through both ring arms and the lack of any other experimental limitations, such as bulk disorder and contact resistance mentioned above. These effects are not included in the calculations since they are not relevant to the Fig. 3(c) ). Now peaks only appear close to the center of the corresponding mode ranges and are unambiguously identified as the fundamental mode and its multiples. Since decoherence, i.e. dephasing is not implemented in the simulation, many higher harmonics are visible. To confirm these results we measured AB oscillations in sample #2 which has a larger aspect ratio r/w ∼ 2.5. Figure 3 
the FFT spectrum of sample #2 at similar n as Fig. 3(a) . The ranges of h/e and h/2e conduction oscillations only overlap slightly and peaks of the fundamental mode and the first and second harmonic are observed. In particular, the fact of observing contributions h/3e conductance oscillations (see label in Fig. 3(d) ) allows for the conclusion that the phase-coherence length l φ exceeds the value of ≈ 1.5 µm. Hence the difficulties of AB mode identification for sample #1 arise from the ring geometry and does not primarily reflect on the sample quality and the phase-coherence length. Fig. 4(a) ). In other words, there are in any case enough trajectory angles available for entering the ring via the V-shaped connection. These observations support the assumption of quasi-ballistic transport (w < l m < l), because magnetic focusing requires a mean free path l m larger than the width w of the ring. In simulations with similar device geometries -geometry #1 (T-geometry with r = 580 nm, w = 380 nm) and geometry #2 (V-geometry with r = 500 nm, w = 200 nm) and comparable charge carrier density n = 8.5 × 10 11 cm −2 -we find good qualitative agreement with our experimental findings (see Fig. 4(c) ). The simulations show an increase in magnetoconductance before entering the quantum Hall regime for the T-junction geometry (#1) and an almost constant curve for the V-shape geometry (#2). Steps indicating the beginning of the quantum Hall effect occur for geometry #1 at B ≈ 0.7 T, whereby for the narrower geometry #2 they start In summary, our experimental findings and simulation results point in exactly this direction and strongly support the observation of magnetic focusing in a quasi-ballistic ring system.
C. High-visibility AB oscillations near QH plateaus
Next we focus on the high B-field regime (r C < w/2). are due to the sample geometry w < l as described above. For B = 2 T the conductance plateaus are more pronounced, but also an asymmetry between the hole and electron transport regime becomes apparent, whereas the origin of this remains unclear.
In the B-field range of fully developed quantum Hall plateaus, we find a substantial increase in the visibility of AB oscillations for specific settings of B and V G (see Fig. 5(c) ).
(a) This effect takes place at the flanks, i.e. onsets of quantum Hall plateaus and is observed only for a few different B-field and gate voltage values. The AB amplitude ∆G AB changes by a factor of 2 − 3 for small changes in B-field on the order of a few tens of milliteslas indicating that they are sensitive to sample inhomoginities. Figure 5 (d) depicts ∆G 2W of the data shown Fig. 5(c) . In the best region the AB amplitude reaches a visibility of more than 0.7%, which is a significant increase compared to the low field regime (≈ 0.25%). This becomes even more apparent in the FFT spectra of the different ranges. Figure 5 (e) shows the corresponding FFT spectra and we observe an increase of the FFT amplitude by a factor of three or more. The distinct peaks in the FFT spectra (see e.g. blue trace in Fig. 5(e) ) moreover show that there are very distinct enclosed areas contributing to the AB oscillations.
This is overall in line with edge channel dominated transport. Interestingly we find (i) that there is one conductance oscillation frequency (labeled with (1) in Fig. 5(e) ) which can be associated with the area enclosed by an edge mode along the inner radius r i (see vertical dashed line in Fig. 5 (e) and red circle in the schematic illustration in Fig. 6(a) ) and (ii)
that the most pronounced peak in the FFT can be hardly associated and explained with an edge channel traveling along the outer radius r o (see vertical dashed line). This is on one hand because peak (3) includes area contributions larger than πr 2 o and on the other hand it is impossible to close such an area by pure edge channel transport. The latter point is also crucial when considering mechanisms which allow to access (i.e. to connect to) an edge channel propagating along the inner edge of the ring structure (see red circle in Fig. 6(a) ).
Consistent with the observation that the conductance oscillations are only present in the crossover regime from one to another filling factor we assume that the disorder potential in the ring entrance or exit region is playing an important role. A present disorder landscape indeed may allow for both (i) accessing the inner edge channel and (ii) connecting the upper and the lower ring arm (see Fig. 6(a) ). Such a disorder potential is known to arise from substrate interaction, contaminations or rough edges. 46 It is very likely that in our case there is just one dominating "'charge puddle"' connecting the two edge states, as scanning tunneling microscopy studies have shown that in graphene on hBN such disorder induced puddles have typical diameters of around 100 − 200 nm, 47 which is on the order of w.
For a more detailed discussion we performed calculations of magnetotransport through an ideal ring structure (no edge roughness, δr = 0) with similar dimensions (w = 400 nm, r = 600 nm) and include one charge puddle with a diameter of d p = 350 nm located at the exit region of the ring (see Fig. 6(a) ). In Fig. 6 (b) the calculated local density of states in the quantum Hall regime is plotted for a charge carrier density of n = 2.8 × 10 11 cm −2 including a charge puddle with an offset in charge carrier density of ∆n = −2 × 10 10 cm −2 sitting right in the exit region of the ring (see Figs. 6(a) and 6(b) ). Using this charge carrier density for Kwant simulations of magnetotransport the effect of enhanced visibility of AB oscillations is reproduced in qualitative manner (see Fig. 6(d) ), where AB oscillations become most visible between two conductance plateaus (in this example at the step from filling factor 10 to 6).
Again, many oscillations are observed with a maximum amplitude in the middle between two quantum Hall plateaus. In Fig. 6(e) we show the corresponding Fourier spectrum of the background subtracted conductance and the spectrum exhibits a surprisingly similar peak structure as seen in the experiment (see labels (1), (2) and (3) in Figs. 5(e) and 6(e)). In Fig 6(e) we can again identify a frequency contribution corresponding to the area enclosed by the quantum Hall channel around the inner radius of the ring (see left vertical dashed line and label (1) in Fig. 6(e) ) while the most pronounced peak is at higher frequency value, exceeding an enclosed area of πr 2 o (see right vertical dashed line). By making use of our model system we can explain the enclosed area leading to the main peak (3) as being the sum of the two areas (1) and (2) . The first area (1) corresponds to the edge channel going around the inner ring. The second area (2) originates from the motion around the charge puddle (see schematic illustrations in Figs. 6(a) and 6(c)) . Notably, the second contribution (see also labels (2) in Figs. 6(e) and 5(e)) gives rise to a higher frequency compared to the one due to the inner ring radius even though its geometrical area is smaller. This is due to the different confinement of the edge channel (see schematic illustrations in Fig. 6(a) ).
While the confinement due to the graphene edges is a hard confinement with the edge modes corresponding to classical skipping orbits, the confinement along the charge puddle is a soft confinement corresponding to a cycloid motion (full cyclotron orbits that are drifting as shown by the inset in Fig. 6(a) ). In a semiclassical description, the cycloid motion encloses a much larger area than the area enclosed by the guiding center. In particular, in a simplified model of the electron drift, the charge puddle has a different but constant filling factor and half of each cyclotron orbit is on either side of the interface. A single cyclotron orbit encloses an area of A C = πr 2 C . The drift ∆l is given by twice the difference of the cyclotron radius, i.e., ∆l = 2∆r C ≈ r C ∆n/n where n is the charge carrier the density and ∆n the difference in carrier densities of the bulk and the charge puddle. Thus, the electron motion encloses the effective area A eff = A C L/∆l = πLr C n/∆n due to the cyclotron motion, where L is the length of the quantum Hall edge channel, additional to the geometric area of the charge puddle enclosed by the guiding center. In the present case, A eff even dominates over the geometric size of the charge puddle resulting in the surprising effect that the peak (2) is due to the (small) charge puddle whereas (1) is due to the (large) inner radius of the ring.
We have numerically checked that the dominant Aharonov Bohm frequency of the charge puddle alone without inner ring is 400 1/T that corresponds to the peak (2) . Including the effect of the inner ring, the dominant contribution (3) is due to electrons encircling both the charge puddle as well as the inner ring. However, due to a finite tunneling coupling τ (see illustrations in Figs. 6(a) and 6(c) ) along the charge puddle and the boundary of the inner ring, also the fundamental frequencies (1) and (2) contribute slightly to the Fourier transform. Interestingly, by having a closer look at the corresponding peaks in the FFT spectrum (see inset in Fig. 6(e) ) we observe a double peak structure (see arrows therein).
This peak "splitting" is due to the valley degeneracy lifting of the edge modes and is also well observed in the calculated density of state map shown in Fig. 6(b) . See in particular at the white double ring structure around the charge puddle (compare Figs. 6(a)-(c) ).
The visibility of all these effects in the simulation depends heavily on the specific magnetic field range, charge carrier density, puddle size, and offset in Fermi energy. However, they can be adjusted for all cases in order to observe the enhanced visibility. Since some of these parameters are unalterable in the measured sample, the rare observations of this effect becomes fairly reasonable.
IV. CONCLUSION AND SUMMARY
In conclusion, we report on the fabrication and characterization of graphene rings encapsulated in hexagonal boron nitride. We demonstrate high carrier mobilities and show magnetotransport measurements exhibiting fully phase-coherent transport. In particular, we observe the fundamental mode (h/e) and higher modes (h/2e and h/3e) of Aharonov- The quantum transport simulation have been performed using a tight-binding approximation on a hexagonal lattice using the Kwant package. 32 We have simulated a scaled version of the graphene lattice with a lattice constant that is a factor 10 larger than the experimental situation. For ease of comparison, all the results are presented in the original units; in particular, the graphene sheet is described by its Fermi velocity v F = 1.15 × 10 6 m/s and the electron density n implemented via the Fermi energy E F =hv F √ πn measured with respect to the Dirac point. We have simulated a ring with inner radius of size r i = 400 nm and outer radius r o = 800 nm contacted by two leads of width w = 400 nm as illustrated in Fig. 7(a) . length 200 nm where the Fermi energy is continuously reduced from the large value in the leads to the value E F in the device. In total, our simulation involves 7 × 10 5 lattice sites.
Conductance steps and magnetic focusing
We present the conductance of the system as a function of the homogeneous magnetic field B and the Fermi energy E F in Fig. 7(a) . We observe multiple lines of local minima in this plot. In order to investigate their origin, we have replotted the data again in Fig wavenumber k F = E F /(hv F ) and is given by
The expression is obtained using the translational symmetry of the problem to reduce it to one dimension and then using WKB for an approximate solution. 50 On the other axis we have used the inverse cyclotron radius r and are the main focus of this section. They occur at a fixed ratios of the cyclotron orbit r C with respect to the geometry of the ring. Therefore, it seems likely that they are connected to magnetic focusing due to the bending of the classical trajectories of the electrons in a magnetic field.
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In order to test this hypothesis, we have performed a set of classical simulations of the transport through the ring. We have traced the path of individual trajectories propagating through the geometry assuming specular reflection at the boundary. With each trajectory starting from a random initial condition in the lead that is propagating toward the ring. We Comparing the position of the vertical dips with the dips in the transmission probability T in Fig. 7 (b), we observe a correspondence for w > ∼ r C . Note that when keeping the Fermi energy constant, we follow a bent curve (e.g., the solid green line for E F = 98 meV) and thus in traces we can see both the horizontal as well as the vertical features. Fig. 7 (c) displays the electron density of a specific mode that is incoming from the left lead. The maximum of the density follows semicircular paths that correspond to classical cyclotron orbits. The ratio of the cyclotron radius and the dimension of the geometry is chosen such that after four (almost specular) reflections at the upper part of the outer radius, the electron enters the right lead. Such a mode contributes to transport with a conductance close to the maximal value G 0 . Increasing the magnetic field slightly decreases the cyclotron radius such that at some point there will be a reflection right before entering the right lead and the trajectory of the electron subsequently skipping over the right lead. Here, the probability for entering the right lead is heavily lowered which results in a reduction of the conductance. As a result the conductance oscillates as a function of the magnetic field. This is the reason for the magnetic focusing shown in Fig. 7(c) .
In Fig. 8(a) , we have performed a more detailed comparison for a simpler setup of a graphene disk with r i = 0. The idea is that the inner radius is not important at all for the occurrence of the effect. In particular, no well-defined trajectories imposed by the constriction are required as in the case for Aharonov-Bohm oscillations. The results of the simulation are in good agreement. In particular, the classical prediction for the transmission probability T matches the results form the tight-binding calculation rather well up to the value w = 2r C where the quantum Hall effect evolves. For small cyclotron radii with w > ∼ r C there is essentially no difference between ring and disk geometry since the number of trajectories touching the inner boundary gets significantly reduced.
The conductance oscillations due to the magnetic focusing are easily distinguishable from universal conductance fluctuations. The magnitude is larger than a conductance quantum as multiple modes simultaneously fulfill the focusing condition.
The effect is only dependent on the cyclotron radius and the device geometry. For an estimation of the thermal stability, we compare the magnitude of the thermal fluctuations of the cyclotron radius ∆r C ≈ k B T /v F eB with the width of the ring arm w. For the experimental parameters (B =1 T and T ≤ 4.2 K), we obtain the estimate ∆r C ≈ 0.4 nm which is orders of magnitude smaller than w.
Edge roughness
After modeling the basics of magnetic focusing, we concentrate now on the extension of the simulation for a better accordance to the experimental findings. In the experiment no quantized conductance is observed (horizontal features) and the oscillations due to magnetic focusing appear as plateaus in the magnetoconductance (compare Fig. 4(e) ) Different from the experimental situation, we have considered a perfect graphene ring without any disorder and edge roughness so far. From the large mobility measured in the system, we conclude that impurity scattering is negligible in the bulk of the device. Therefore, we attribute the difference between the experimental data and the simulation to edge roughness at the graphene boundaries. For a simple model of edge roughness, we modulate the radius of the outer ring r o (θ) = r o + δr cos(nθ) with n = 20 and variable amplitude δr. 52 Note that we do not intend to realistically model the edge roughness of the experimental situation.
One of the reason is that the chemistry at the edge is not sufficiently understood. But even more importantly, as we simulate a scaled version of the graphene lattice, edge defects that appear on the scale of single atoms cannot be included even in principle. As a result, we model the edge roughness by a single effective parameter δr in the simple model given above. Figure 8(b) shows the effect of the edge roughness on the magnetic focusing in the disk geometry. As it is evident from the plot, the features due to magnetic focusing are rather robust toward the inclusion of edge roughness. Fig. 8(c) makes the connection to the experiment as it displays the situation of a graphene
